Many serious adverse physiological changes occur during spaceflight. In search for underlying mechanisms and possible new countermeasures, many experimental tools and methods have been developed to study microgravity caused physiological changes, ranging from in vitro bioreactor studies to spaceflight investigations. Recently, genomic and proteomic approaches have gained a lot of attention, after the major scientific breakthroughs in the field of genomics and proteomics, it is now widely accepted to understand biological processes. Understanding gene and/or protein expression is the key to unfolding the mechanisms behind microgravity induced problems, and ultimately, finding effective countermeasures to spaceflight-induced alterations. Significant progress has been made in identifying the genes/proteins responsible for these changes. While many of these genes and/or proteins were observed to be either up-regulated or downregulated, however, there are no large scale genomics and proteomics studies have been published so far. This review aims at summarizing the current status of microgravity related genomics and proteomics studies and stimulating large-scale proteomics and genomics research activities.
Introduction
Many serious adverse physiological changes occur during spaceflight. Some of these include, fluid redistribution, increased kidney filtration, sensory input changes, cardiovascular deconditioning (39), bone deterioration, muscle loss, and impaired immune system function (3, 7, 11, 63) . Many of these pathophysiological adjustments cannot be counteracted adequately with physical exercise or nutritional supplementation, suggesting addition molecular mechanisms are responsible for the changes (47, 85) . In order to develop highly effective countermeasures and prevent spaceflight-induced diseases, there is a critical need to understand the mechanisms of how microgravity causes these problems. Understanding the mechanisms of spaceflight-induced heath problems may also help to provide insight into understanding the pathophysiology of diseases occurring on earth, such as osteoporosis, muscle atrophy, cardiovascular disease, and immune system dysfunction.
So far, the most prominent microgravity-induced cellular responses have been focused on bone (18, 50, 57, 72) , muscle (37, 62, 118, 120) , and immune system cells (28, 34, 46, 113) . Animal and cell culture models have been studied in vivo or in vitro, in spaceflight or simulated microgravity conditions using tail-suspension models or landbased bioreactors. Many important metabolic and signaling pathways, in these and other cells, have been identified as being affected by microgravity, thereby altering cellular functions such as proliferation, differentiation, maturation, and cell survival. Recent studies have begun to focus on gene expression of cells cultured under microgravity.
Messenger ribonucleic acid (mRNA) levels are studied to determine gene regulatory effects of cells as they attempt to acclimate themselves to the microgravity environment. However, systematic investigation on microgravity-induced protein expression is lacking, which is the key information needed to ultimately unfold the mechanism behind microgravity-induced diseases. This review aims at summarizing the most recent advances in identifying gene and protein expression changes of several cell types, including bone, muscle, immune, and nervous system under microgravity conditions. 
Bone cells
It is well-known that biomechanical forces play critical roles in the development of the skeletal system (21, 29, 68, 83, 90, 95) . Recently, it has been suggested that these forces may be as important as genetics in morphogenesis, tissue remodeling, and shaping of the tissue. Many studies have been performed to identify the alterations and mechanisms induced by skeletal unloading (microgravity) at the cellular level.
In normal bone there is equilibrium between bone formation and resorption.
System hormones and local factors regulate bone remodeling, which involves cells, their proliferation and progressive differentiation resulting in resorption of bone by osteoclasts and the deposition and mineralization of matrix by osteoblasts (68, 103) . Microgravity results in the uncoupling of bone remodeling between formation and resorption that could account for bone loss (16) . A decrease in osteoblast function is claimed to play a role in the process of spaceflight-induced bone loss. One mechanism in osteoblast differentiation is governed the regulation of runt-related transcription factor 2 (runx2), activator protein-1 (AP-1), and various other transcription factors. Up-regulation of these factors leads to the up-regulation of alkaline phosphates (ALP) and osteocalcin (OC) expression. If these are altered, bone loss can occur. More pathways may exist in controlling osteoblasts differentiation and maturation.
When osteoblasts histology is studied after spaceflight, an increase in lessdifferentiated (immature) and a decrease in more-differentiated (mature) osteoblasts was found, which suggests that microgravity blocks some of differentiation pathways in osteoblasts (41) . Researchers have also shown that osteoblasts and osteocytes are responsive to mechanical stimuli in vitro (29, 30, 88) and previous data have indicated (60, 84) are altered under microgravity conditions.
Spaceflight studies
Several effects have been observed in the gene/protein expression of bone cells cultured in spaceflight. These results have suggested a shift toward osteoblast dysfunction in microgravity. MC3T3-E1, mouse calvaria cells, flown on the STS-56 shuttle for 9 days showed a significant decrease in mRNA induction of immediate early growth genes/factors cyclooxygenase-2 (cox-2), c-myc, antiapoptotic molecule bcl2, transforming growth factor type beta 1 (TGF beta1), basic fibroblast growth factor (bFGF) and proliferating cell nuclear antigen (PCNA) in microgravity cells when compared to ground and 1-G flight controls (49) . Quiescent MC3T3-E1 cells activated in microgravity used significantly less glucose than ground controls and had reduced prostaglandin E2 (PGE 2 ) synthesis when compared to controls. These data suggest that growth activation in microgravity results in reduced growth, causing reduced glucose utilization and reduced prostaglandin synthesis, significantly altering the actin cytoskeleton in osteoblasts (51) . MC3T3-E1 cells have also been reported to have a depressed epidermal growth factor (EGF) -induced c-fos expression under short-term microgravity conditions after time on the sounding rocket TR-1A6, while the phosphorylation of mitogen-activated protein kinase (MAPK) was not affected compared with ground-based controls. These results suggest that the action site of microgravityinduced effects in the signal transduction pathway may be downstream of MAPK (93). Data has shown that spaceflight alters the mRNA level for several bone-specific proteins in rat bone. Changes in cell and nuclear morphology were observed as well as alterations in the expression of growth factors, including interleukin-6 (IL-6), insulin-like growth factor binding proteins (IGF BP), matrix proteins collagen type I, and osteocalcin, suggesting a decrease in osteoblast function (16) . No change in DNA content was seen in bone-derived normal rat marrow stromal osteoblast cells cultured for 5 days on Spacelab flight STS-65, while PGE 2 and IL-6 production increased. However, RT-PCR analysis determined an increase in prostaglandin endoperoxide H synthase-2 (PGHS-2) mRNA in microgravity cells, as compared to control groups, suggesting that the arachidonic acid conversion pathway may be partially responsible for the increased PGE 2 synthesis under microgravity (68) . (82, 119) , and has also been found to increase the expression of IGFs in cells under mechanical strain (30). Insulin-like growth factor I (IGF-I) is a potent stimulator of bone formation that enhances cell proliferation and matrix formation in osteoblastic cells (15, 74) . The effects of IGF-I on bone are determined by IGF-I concentration and its binding to IGF binding proteins (IGF BP) (73) . IGF BP-3 has been shown to promote and also inhibit osteoblast proliferation (2, 32) . Rats with skeletal unloading have shown impaired bone formation in the presence of insulin, indicating that the stimulatory effect of insulin on bone formation is lost by skeletal unloading (117) . Treatment with 1,25-dihydroxyvitamin D3 of rat osteoblasts cultured for 4 or 5 days during a Space Shuttle mission showed an increase in mRNA levels for IGF BP-3 and a decrease in IGF BP-4, and -5. In addition, the glucocorticoid receptor mRNA levels in flight cultures increased compared with levels in ground controls (60) . Altered IGF BP production during spaceflight would modulate IGF action, further supporting the view that insulin impairment plays an important role in the deterioration of bone formation by microgravity (107) . These cells also showed decreased TGF-1 production, which resulted in a decrease in heat shock protein (HSP 47), a collagen-specific molecular chaperone that controls collagen processing and quality. HSP 70, which prevents stressinduced apoptosis, and HSP 73, shown to prevent the pathological state induced by microtubule disruption, were also shown to be significantly reduced in microgravity cultures. These results suggest that microgravity differentially modulates the expression of molecular chaperones in osteoblasts involved in the induction and/or prevention of osteopenia in space (59) . Human mesenchymal stem cells (hMSC) failed to display detectable levels for mRNA for major osteoblastic markers, including ALP, osteonectin, procollagen type I, and runx2 after 7 days in simulated microgravity conditions, despite osteogenic induction (121).
Collagen type I, the most abundant protein in the extracellular matrix (ECM) of bone, was also dramatically reduced, while collagen-binding 2 and 1 integrin subunit expression was increased, following 7 days in modeled microgravity (72) . However, integrin signaling through focal adhesion protein (FAK), Ras, and extracellular signalregulated kinase (ERK) were significantly reduced. Due to the potential role for FAK in osteoblast differentiation through the mitogen activated protein kinase (MAPK) pathway (106) , which signals ERK, essential for osteoblast differentiation (61), leading to runx2 activation, the reduction in integrin signaling likely contributes to reduced Page 9 of 38 osteoblastogenesis (72) . Suppression of RhoA in hMSCs cultured in a rotary cell culture system has also been suggested to play a role in reduced osteoblastogenesis and enhanced adipogenesis in hMSCs (71) . Clinostat studies have also indicated that a reduction in osteoblast responsiveness to 1alpha,25-dihydroxyvitamin D(3) might be involved in microgravity-induced osteopenia (77) .
Simulated microgravity conditions induced a loss of ALP mRNA and activity in 2T3 preosteoblasts, indicating an inhibition of differentiation into osteoblasts (85).
Microarray studies verified down-regulation of runx2, which regulates OC expression (also decreased), osteomodulin (OMD), involved in bone matrix formation (12) and parathyroid hormone receptor 1, which promotes the release of Ca 2+ from bone (109).
An up-regulation of osteolytic inducers, such as cathepin K, was also seen. Cathepsin K is expressed mainly in osteoclasts and its pathophysiological implications in osteoblasts is unclear (85), suggesting that it could be responsible for bone loss by directly stimulating osteoclasts and/or some undefined osteoblast-dependent mechanism.
Cultures of bone marrow stromal cells ST2 in vector-averaged gravity conditions revealed an increase in mRNA expression for RANKL and a decrease in levels for OPG; modulation of which may be one of the causes of osteopenia due to skeletal unloading (54). Researchers are now investigating OPG as a potential drug for treating osteoporosis and bone loss associated with metastatic bone cancer, as well as bone loss caused by extended exposure to microgravity (42) .
MC3T3-E1 osteoblast-like cells cultured in alginate carriers in the NASAapproved high aspect ratio vessel (HARV), had decreases in expression levels of OC, ALP, collagen type I, and runx2, and were more sensitive to apoptogens, such as suggesting an inducement of apoptotic events in cells exposed to microgravity (11).
Nakamura et al. (76) found similar effects of vector-averaged gravity on human osteoblastic cells. The ratios for mRNA levels of Bax (triggers release of cytochrome c from mitochondria)/Bcl-2 (blocks cytochrome c release) were increased significantly when compared to 1G static controls. However, XIAP (anti-apoptotic molecule) mRNA levels were also increased significantly, suggesting the modulation of both pro-and antiapoptotic molecules by simulated microgravity (weightlessness) (76) . were down-regulated, while those implicated in apoptosis (TGF-inducible early growth response 2, TIEG2), stress (heat shock protein 70, HSP70) and cell growth/remodeling (ornithine decarboxylase (OCD) antizyme) were up-regulated. Calcineurin, activated by a sustained increase in intracellular Ca 2+ levels (105) , and albumin were also found to be up-regulated in cells under simulated microgravity conditions (80) .
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Osterix (Osx) regulates the later stages of osteoblast differentiation and is required for bone formation. However, the molecular mechanisms underlying osterix expression are not completely understood. Cellular prostatic acid phosphatase (PAP) has been shown to directly enhance differentiated (not proliferative) characteristics (synthesis of collagen and ALP) of bone cells in vitro (67) . This data suggests that there is a dysfunction in the osteoblast differentiation pathway in microgravity. The downregulation of cell-adhesion proteins, such as catenin observed in our study (80) , may weaken junctions between cells, affecting cell-cell signaling as well as tissue integrity.
TIEG2 over-expression has been shown to induce apoptosis in hamster epithelial cells Although a few studies have been carried out on bone cells using genomics or proteomics approach, there is lack of long-term investigation to date. Long-term studies up to 2-3 years using DNA microarrays and proteomics approaches may provide inside information for developing effective countermeasures for long-duration missions, e.g., trips to mars or long stays on the moon. 
Muscle cells
Spaceflight has been shown to cause atrophy and reduction in force and power of skeletal muscle (13, 87) . These changes are due primarily from a reduction in protein synthesis that is likely triggered by the removal of the gravitational load (36, 102).
Contractile proteins are lost disproportionately to other cellular proteins and actin thin filaments see a more significant decline than myosin thick filaments. A shift toward enhanced degradation of intracellular small nonmyofibrillar proteins and a degradation of extracellular structures has also been suggested through rat-specific microarray analysis Researchers have also been investigating the effects of microgravity on cardiac muscle (1, 86) . Decreases in contractile force and velocity, as well as, Ca 2+ -dependent actomyosin ATPase activity were seen in cardiac cells of tail suspension rats (120) . No change was seen in the expression of myosin heavy chain, tropomyosin, troponin T, or troponin I isoforms. Interestingly, a fragment of cardiac troponin I (cTnI) showed increased amounts in the hearts of these rats, suggesting its role in cardiac muscle adaptation (120) . Conner et al (86) observed a significant increase in heart malate dehydrogenase (MDH) enzyme activity, accompanied by a 62% elevation in heart MDH mRNA levels after microgravity exposure. They also found that heart cytochrome c oxidase (CytOx) enzyme activity remained unchanged in rats exposed to microgravity.
Their results, when compared to skeletal muscle, demonstrate that the heart undergoes more significant mitochondrial adaptations in response to short-term microgravity conditions (86) . A decrease in the metabolic activity of cardiac cells has also been seen (91). However, it has been demonstrated that cardiovascular function shows individual variability (4).
Overall, weightlessness has been shown to cause atrophy, reduced functional capacity and increased fatigue in skeletal muscles, most likely due to a reduction in protein synthesis caused by changes in transcription and translation. Also, there seems to be a general trend towards slow-to-fast transitions in contractile and regulatory proteins.
Future studies are needed in order to define the effects of long-term spaceflight on muscle function and possible countermeasures.
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Immune system cells
Immune system dysfunction due to exposure to microgravity has been documented as well (98, 
Conclusion
Understanding gene and/or protein expression is the key to unfolding the mechanisms behind, and ultimately, finding effective countermeasures to spaceflightinduced alterations. Significant progress has been made in identifying the genes/proteins responsible for these changes. While many of these genes and/or proteins were observed to be either up-regulated or down-regulated, there is a lack of systemic study of gene and Page 27 of 38
